[1] Characterizing the vigor of magmatic activity in Yellowstone requires knowledge of the mechanisms and rates of heat transport between magma and the ground surface. We present results from a heat flow study in two vapor dominated, acid-sulfate thermal areas in the Yellowstone Caldera, the 0.11 km 2 Obsidian Pool Thermal Area (OPTA) and the 0.25 km 2 Solfatara Plateau Thermal Area (SPTA). Conductive heat flux through a low permeability layer capping large vapor reservoirs is calculated from soil temperature measurements at >600 locations and from laboratory measurements of soil properties. The conductive heat output is 3.6 AE 0.4 MW and 7.5 AE 0.4 MW from the OPTA and the SPTA, respectively. The advective heat output from soils is 1.3 AE 0.3 MW and 1.2 AE 0.3 MW from the OPTA and the SPTA, respectively and the heat output from thermal pools in the OPTA is 6.8 AE 1.4 MW. These estimates result in a total heat output of 11.8 AE 1.4 MW and 8.8 AE 0.4 MW from OPTA and SPTA, respectively. Focused zones of high heat flux in both thermal areas are roughly aligned with regional faults suggesting that faults in both areas serve as conduits for the rising acid vapor. Extrapolation of the average heat flux from the OPTA (103 AE 2 WÁm
Introduction
[2] Three cataclysmic volcanic eruptions occurred in the Yellowstone Plateau Volcanic Field (YPVF) over the past 2.1 million years [Christiansen, 2001] . These eruptions represent recent manifestations of a mantle hot spot that has produced a string of large calderas along the Snake River Plain [Smith and Braile, 1994; Pierce and Morgan, 2009] , with the youngest being the 0.64 Ma Yellowstone Caldera (Figure 1 ). Although the last volcanic eruption in the YPVF occurred over 70,000 years ago, the Yellowstone caldera is currently characterized by extensive seismicity, continuous ground deformation, and considerable heat and mass flux through a large hydrothermal system with over 10,000 thermal features [Fournier, 1989; Lowenstern and Hurwitz, 2008] . This extensive activity is fueled by a large reservoir of silicic magma in the shallow crust, inferred from seismic velocity anomalies as well as from the shallow depth of the seismogenic zone beneath the caldera [Husen et al., 2004; Chu et al., 2010] .
[3] Characterizing the vigor of magmatic activity and forecasting future volcanism in Yellowstone requires knowledge of the mechanisms and rates of heat transport between magma and the ground surface. However, even though Yellowstone is one of Earth's largest and most "restless" calderas [Newhall and Dzurisin, 1988; Lowenstern et al., 2006] and its magmatic system is one of the most focused heat sources on Earth, these transport processes and fluxes are poorly constrained. Quantifying heat output from Yellowstone's magmatic system is a daunting task because of the large extent of thermal areas in the Yellowstone Caldera and its surroundings, large-scale phase separation at depth [White et al., 1971; Fournier, 1989; Lowenstern and Hurwitz, 2008; Lowenstern et al., 2012] , and because groundwater flow removes heat and chloride (a proxy for heat) from some areas and concentrates it in others [Hurwitz et al., 2007 [Hurwitz et al., , 2010 .
[4] Vapor dominated thermal areas develop above zones of subsurface steam upflow and are characterized by localized and elevated heat flux [Dawson and Dickinson, 1970; White et al., 1971; Sorey and Colvard, 1994; Brombach et al., 2001; Chiodini et al., 2001; Hochstein and Bromley, 2005; Chiodini et al., 2005; Fridriksson et al., 2006; Werner et al., 2006; Bromley et al., 2011] . Within the 2900 km 2 of the Yellowstone caldera there are only $35 km 2 of vapor dominated, acid-sulfate thermal areas [Rodman et al., 1996; Werner and Brantley, 2003] , mostly concentrated in the eastern half of the Caldera (Figure 1 ) where seismic tomography suggests that the silicic magma is shallower than in other parts of the caldera [Husen et al., 2004] .
[5] We present results from a field study carried out in June and July, 2010 designed to investigate the mechanisms and quantify the rates of heat transport through two vapor dominated, acid-sulfate areas in the Yellowstone Caldera, the 0.11 km 2 Obsidian Pool Thermal Area (OPTA) (Figure 2 ) and the 0.25 km 2 Solfatara Plateau Thermal Area (SPTA) (Figure 3) . We quantify the magnitudes of the conductive and advective heat flux from soils and the heat flux from thermal pools. The field study is augmented by laboratory measurements of thermal conductivity, porosity, and water saturation. The combined data set allows us to estimate and better understand the relative significance of heat flow from Yellowstone's vapor dominated areas relative to the entire caldera. This understanding has implications for the heat budget of Yellowstone's magmatic system and for monitoring the unique hydrothermal activity in Yellowstone National Park [Heasler et al., 2009] .
Thermal Budget of the Yellowstone Plateau Volcanic Field
[6] The total heat output from the YPVF is estimated using the chloride inventory method which assumes that all the chloride discharged by rivers draining the YPVF is derived from a single deep parent fluid with a concentration Figure 1 . Shaded-relief topography of Yellowstone National Park showing the rim of Yellowstone caldera (solid black line), national park boundary (thick gray line), state boundaries (thin dash-dotted line), neutral-chloride thermal areas (red), and vapor dominated acid-sulfate thermal areas (black) and the major thermal basins in the park; UGB (Upper Geyser Basin), MGB (Midway Geyser Basin), LGB (Lower Geyser Basin), NGB (Norris Geyser Basin), HSB (Hot Spring Basin). Obsidian Pool Thermal Area (OPTA) and Solfatara Plateau Thermal Area (SPTA) are marked with magenta stars. The yellow circle represents the location of the weather station near Yellowstone Lake. of 400 mgÁL À1 and a temperature of 340 C (enthalpy of 1,594 kJÁkg À1 ) [Fournier et al., 1976; Fournier, 1979 Fournier, , 1989 . With an average chloride discharge of $50,000 tÁyr À1 [Friedman and Norton, 2007; Hurwitz et al., 2007 Hurwitz et al., , 2010 , $4,000 LÁsec À1 of parent fluid are discharged. Assuming adiabatic decompression and cooling of the parent fluid from 340 C and 14.6 MPa to 92 C (average boiling temperature in Yellowstone), generates 53 wt% of steam ( Figure 4 ) with an enthalpy of 2,663 kJÁkg À1 that transport 5.6 GW of heat to the surface. Liquid water (47 wt%) with an enthalpy of 385 kJÁkg À1 transports only 0.7 GW and CO 2 (565 kJÁkg
À1
) with a flux of 45,000 tÁd À1 [Werner and Brantley, 2003] transports an additional 0.3 GW, for a total heat output from Yellowstone of 6.6 GW. If all this heat is discharged through the 2,900 km 2 of the Yellowstone Caldera (although some heat is discharged outside of the caldera), it corresponds to an average heat flux of 2.3 WÁm À2 ; about 25-40 times greater than that in the neighboring Rocky Mountains [Blackwell and Richards, 2004] and that of the average continental crust [Jaupart and Mareschal, 2007] . Nevertheless, there are large variations and uncertainties associated with values of the parameters used in these heat output estimates.
[7] Because of the uncertainties associated with parameter values used in the above heat output calculations, and because most of the heat is transported to the ground surface by steam, we calculate plausible end-member scenarios for heat output transported by steam in Yellowstone. An estimated minimum heat output of 4.0 GW corresponds to a chloride concentration of 450 mgÁL À1 , a temperature of 320 C (1,462 kJÁkg À1 ), and a chloride flux of 45,000 tÁyr À1 . In contrast an estimated maximum heat output by steam of 8.0 GW corresponds to a chloride concentration of 350 mgÁL À1 , a temperature of 360 C (1,762 kJÁkg À1 ), and a chloride flux of 55,000 tÁyr À1 . Thus, for a set of plausible parameter values, estimates of heat output from the Yellowstone magmatic system may vary by a factor of two. Our measurements attempt to provide an independent test of these estimates and examine if most of the heat transported by steam in Yellowstone is focused in the $35 km 2 of acid Figure 2 . High-resolution shaded-relief topographic map of the Obsidian Pool Thermal Area (OPTA) acquired with airborne LiDAR (www.opentopography.org) showing locations of temperature-depth measurements (yellow circles), thermal pools (shaded pink areas), water vapor flux measurements (blue circles), pits with continuous temperature measurements (green circles), and cores (red circles). The map is projected in the Universal Transverse Mercator (UTM) geographic coordinate system zone 12.
sulfate, vapor dominated thermal areas ( Figure 1 ) [Rodman et al., 1996; Werner and Brantley, 2003] .
3. Geological and Thermal Setting 3.1. Obsidian Pool Thermal Area (OPTA)
[8] The Obsidian Pool Thermal Area (OPTA) (Figure 2 ) is within the Mud Volcano thermal area, near the intersection of Elephant Back Mountain and the western edge of the Sour Creek Resurgent Dome in the eastern part of the Yellowstone caldera (Figure 1 ). Within the broader Mud Volcano area, thermal features occur in several isolated areas that consist of cemented glacial deposits and are aligned $N45
E and $N45 W [Christiansen, 2001] . The Mud Volcano thermal area is characterized by extensive diffuse degassing of CO 2 through soils [Werner et al., 2000; Werner and Brantley, 2003] and the highest helium isotope ratio (  3 He/   4 He) measured in Yellowstone [Werner and Brantley, 2003; Bergfeld et al., 2011] .
[9] The OPTA is surrounded by dense forest and is mostly covered with wild grassland, but the ground is bare around the thermal pools (Figure 2 ). Based on aerial photos from January 2009, we infer that in winter months snow accumulates along the margins of the thermal area, but not in the center. The OPTA hosts several thermal pools with measured water temperatures between 21.9 C and 84.0 C (Table 1) with mainly acid-sulfate composition and low chloride concentrations [Shock et al., 2005] . All of the pools are bubbling and have temperatures that are below the boiling point of pure water suggesting influx of a CO 2 rich gas. In the northeastern part of the basin, thermal activity in an unnamed lake (Figure 2 ) cannot be accounted for, but our visual observations in June and July, 2010 suggest it is likely minor. The OPTA drains to Elk Antler Creek, which then drains into the Yellowstone River.
[10] There are several observations that suggest a causal link between current tectonic activity and heat flux variations in the OPTA. The area is close to the area of maximum caldera floor uplift, $72 cm between 1923 and 1976 [Pelton and Smith, 1979] . Beginning in May 1978, a 7 month seismic swarm was centered below and adjacent to OPTA with hypocenter depths ranging between $1 and 5 km [Pitt and Hutchinson, 1982] . Clear signs of increased heat output followed the seismic swarm including increased soil temperature, increase in CO 2 emissions, tree mortality, and the generation of new mud pots and fumaroles in the main Mud Volcano thermal area about 1 km NW of the OPTA [Pitt and Hutchinson, 1982; Evans et al., 2010] [11] The Solfatara Plateau Thermal Area (SPTA) (Figure 3 ) lies on the northern boundary of Yellowstone Caldera (Figure 1 ), near the center of the north rim uplift anomaly [Wicks et al., 2006] where InSAR and GPS data reveal large vertical displacements relative to the Yellowstone Caldera since 1996 [Wicks et al., 2006; Chang et al., 2007] . The lithology consists of cemented glacial deposits surrounded by the 110 AE 3 ka Solfatara Plateau flow. Faults to the north of the SPTA and the northern caldera boundary trend NNW [Christiansen, 2001] . A M L 6.1 Earthquake occurred $5.7 km to the SW of SPTA on June 30, 1975, with a focal mechanism indicating normal faulting along a NNW strike [Pitt et al., 1979] , parallel to the faults north and south of the SPTA.
[12] During our 2010 survey no pools or creeks were observed in SPTA. Several small fumaroles with visible native sulfur deposits were mainly focused in a small area north of the Norris to Canyon road ( Figure 3 ) and in a small area in the western part of the basin south of the Norris to Canyon road. Aerial photos indicate that the forested area surrounding the thermal basin grew larger and denser between 1954 and 2009, suggesting an overall decline in thermal activity.
Heat Flux From Vapor Dominated Areas
[13] Conceptual models of heat transport in vapor dominated areas suggest that rising steam and non-condensable gases, mainly CO 2 and H 2 S fill open fractures throughout a significant vertical extent beneath a thin low permeability cap layer consisting mainly of clay minerals [White et al., 1971; Hochstein and Bromley, 2005] . Heat is transferred by the rising vapor to the base of the cap layer, where the vapor condenses and the liquid descends down the fractures ("heat pipe"). In this conceptual model ( Figure 5 ), heat transport across the low permeability layer is dominated by conduction, but where the cap layer is fractured heat discharges advectively through fumaroles or vapor condenses into pools. In the upper part of the low permeability cap layer, the temperature gradient is disturbed by variations in air temperature and solar insolation such that temperatures increase nonlinearly with depth. However, because background thermal gradients in the low permeability layer are Figure 5 . A schematic illustration showing modes of heat transport in vapor dominated areas and the resulting temperature gradients (modified after Hochstein and Bromley [2005] ). In areas with a relatively thick low permeability, clay-rich caprock (indicated by A) temperature gradients are moderate and vary considerably in response to air temperature and solar insolation fluctuations. In areas where a fracture transects the entire caprock and connects the vapor dominated area with the ground surface (indicated by B), a fumarole will form with fluid discharge at boiling temperature (BPT). Areas with a thin caprock (indicated by C) are characterized by a large temperature gradient and variations in response to air temperature and solar insolation fluctuations are small. When steam condenses into a pool (as the one on the right) it will be hot and acid. In contrast, a pool that is not connected to the vapor dominated area will remain cold and its waters will be neutral. Below the caprock rising steam and non-condensable gases (curved thin lines) fill open fractures and the vapor condensate (thick lines) descends down the fractured rocks.
generally large, the variations in subsurface temperature due to surface air temperature and solar insolation variations are a relatively small component of the total thermal gradient (profile C in Figure 5 ).
[14] The total heat flux q tot (WÁm À2 ) measured at the surface of these vapor dominated areas can be expressed as,
where q soil is the heat flux through the soil and q pool is the heat flux from pools. Heat flux through soils can be expressed as,
where the conductive heat flux (q cond ) is expressed by Fourier's law,
where K (WÁm À1 ÁK À1 ) is the bulk thermal conductivity (composite of the rock and the pore fluid thermal conductivities), T is temperature, and z is depth. Advective heat transport by water vapor in partially saturated soils is controlled by vapor concentration gradients and temperature gradients [Parlange et al., 1998; Heitman et al., 2008; Bittelli et al., 2008] and is described by,
where r v (kgÁm À3 ) is vapor density, L is the latent heat of vaporization ($2,270 kJÁkg À1 ), and Q v (mÁs À1 ) is the vapor flow rate. The heat flux from the surface of an enclosed pool (q pool ) with no surface water inflow or outflow can be expressed as,
where q evapw , q radw , and q condw , are the evaporative, radiative, and conductive heat fluxes from the pool, respectively.
[15] Evaporative heat flux from the pool is driven by a vapor-pressure difference between the pool and the atmosphere and can be expressed by [Adams et al., 1990; Pasternack and Varekamp, 1997; Fournier et al., 2009] ,
where W is the wind speed (mÁs À1 ), A is the surface area of the pool (m 2 ), and T wv and T av (K) are the virtual air temperatures for the lake water and ambient air, respectively, defined as,
where P is the barometric pressure (mbar) and e w and e a are the saturated water and atmospheric vapor pressures at the pool and air temperatures, respectively calculated using a polynomial fit to data from the NBS/NRC steam tables [Haar et al., 1984] ,
Radiative heat loss from a water surface is given by,
where ɛ is the emissivity of a smooth surface (0.98), s is the Stefan-Boltzmann constant -5.67Á10 À8 WÁm À2 ÁK À4 (U.S. National Institute of Standards and Technology -http:// physics.nist.gov/cgi-bin/cuu/Value?sigma), and T w is the absolute temperature of the water surface (K). Conductive heat loss is related to the evaporative heat loss through the Bowen constant (0.61 mÁK À1 ), and is driven by the temperature gradient between the water surface, T w and air, T a [Brown et al., 1991] ,
The total heat output (MW) from a vapor dominated area is given by:
5. Methods
Temperature Gradient Measurements and Analysis
[16] Temperature-depth measurements were made at 299 locations in the OPTA ( Figure 2 ) and at 324 locations in the SPTA (Figure 3 ). At each measurement location four holes were made in the ground separated by <10 cm, using a 3/8 inch (0.95 cm) steel rod driven with a hammer, and thermocouple probes were then inserted into the holes ( Figure 6 ). Each probe was constructed from 3/8 inch (0.95 cm) stainless steel tube, and contained four type K thermocouple sensors. With four probes, a total of 16 thermocouples were used at each measuring location ( Figure 6a ). The sensors with a precision of 0.1 C were calibrated in water baths against National Institute Standards and Technology (NIST) traceable glass thermometers between 10 C and 80 C and all read within 0.5 C of the glass thermometers. Each of the probes was inserted in its respective hole allowing the 16 sensors to be aligned at designated depths that ranged from 5 to 100 cm. We estimate the actual depth accuracy to be <2 cm, due to uneven ground. In a few cases hard ground prevented the complete insertion of probes and temperatures at shallower depths were measured. Each thermocouple sensor was connected to a data logger and sampled at a 2 s interval for periods ranging from 8 to 15 min after insertion to ensure near thermal equilibrium. The equilibrium temperature and the standard deviations for each sensor were calculated over the last 80 s corresponding to 40 samples. In general linear trends to the time series are <0.0002 CÁsec À1 over the 80 s fitting interval.
[17] During the field experiment we monitored diurnal temperature variations at each thermal area. Diurnal temperature corrections are based on thermistors (HOBO® U23 Pro v2 2x) buried at depths of 5, 10, 15, 20, 25, and 35 cm in two pits in OPTA and two pits in SPTA (Figures 2  and 3 ) for the six-week duration of the experiment. Temperature measurements were recorded at a 5-min intervals and display diurnal and weekly variations (Figure 7a ). Diurnal temperature variations decreased with depth consistent with conductive heat transfer. As an example, temperatures varied by 22.4 C, 4.5 C and 1.2 C at depths of 5 cm, 20 cm, and 35 cm, respectively at site OPIT1 on June 27, 2010 (Figure 7b ).
[18] For each pit we parameterized the shallowest temperature measurements in terms of a series of n step functions of amplitude DT i and inverted for the thermal diffusivity that best matches the temperatures measured at greater depths using [Carslaw and Jaeger, 1959] ,
where T is temperature, z is depth, t is time, erfc is the complementary error function, t is time before present and a is thermal diffusivity. Model fits to the deeper time series are generally good (Figure 7c ) and the best fitting thermal diffusivity is well determined. Although there is some indication that thermal diffusivity increases slightly with depth we use a constant value of 1Á10 À6 m 2 Ás À1 based on the fit to the deepest thermistor. The calculated thermal diffusivity was used to remove the diurnal variation from our observed equilibrium temperatures assuming the 5 cm temperature series in OPIT1 and SPIT1 are representative of the OPTA and SPTA, respectively. The range in the diurnal gradients over the period of the experiment at both sites is approximately 6 CÁm À1 . Because our soil temperature measurements were made during the day when the previous night's thermal signal had penetrated to the measuring depth, diurnal corrections decreased the observed gradients. The analytical uncertainties of the corrected thermal gradients are computed using standard formulas [Bevington, 1969] .
[19] Equilibrium temperatures determined from the 16 sensors, the temperature gradients, and the ground surface temperature extrapolated from the temperature gradients, are given in Tables S1 and S2 in the auxiliary material for the OPTA and the SPTA, respectively. For profiles with a maximum temperature <60 C the linear fit is based on the seven bottom most corrected temperatures in the profiles (50-100 cm), whereas for profiles with maximum temperatures >60 C, the linear fit is based on a minimum of four temperature measurements within the upper 35 cm of the corrected profiles.
Thermal Conductivity Measurements and Analysis
[20] Matrix thermal conductivity, porosity, and water saturation were determined on core samples obtained from the OPTA using either a 3.24 cm or 2.11 cm diameter cylindrical steel corer. These core samples were immediately wrapped in aluminum foil and placed in a cooler. In the laboratory, long cores were split into smaller pieces for measurement. In addition, five shallow (<10 cm) soil samples were collected in the OPTA in September 2008 for matrix thermal conductivity measurements.
[21] Matrix thermal conductivities were measured on a total of 50 samples from the OPTA using a divided bar apparatus at the U.S Geological Survey heat flow laboratory [Sass et al., 1984] . The unconsolidated soil was placed in a cell and saturated with water under vacuum. Thermal conductivity was computed by subjecting the cell to a known heat flow and measuring the temperatures at the top and bottom of the cell. Grain thermal conductivity was computed as the ratio of the heat flow to the thermal gradient through the cell and adjusted for the thermal conductivity of water within the pore space. The measurement error is typically within 5% [Sass et al., 1984] . The average matrix thermal conductivity of the 50 samples is 1.95 AE 0.22 WÁm À1 ÁK À1 (Table S3 ). The inverted container with 8-mesh Drierite® desiccant is covered with a PVC-coated polyester screen. The yellow arrow points to the thermocouple wire (TC) inserted between the inverted container and the ground surface. The photo in the inset shows the portable scale used to weigh the desiccant.
[22] Porosity and water saturation measurements were made on core samples from subsurface depths >30 cm to represent the depth range for which most temperature gradients were determined. A total of 13 samples from 8 separate cores were analyzed at the U.S Geological Survey laboratory in Menlo Park, CA. Samples were weighed and then oven-dried at a temperature of 105 C for 24 h and then re-weighed to determine the mass of evaporated water. When the samples were heated in the oven, a strong odor appeared, indicating that some samples contained significant amount of organic volatiles and/or sulfur-rich gas. Sample porosity (n) was calculated by,
where r b is the bulk core density and r s is the solid phase density assumed to be 2,650 kg/m 3 , representing a illite-montmorillonite soil. Bulk core density was calculated by,
where m s is the mass of the dry solid phase and V b is the volume of the core. Effects of compression during core recovery were ignored. Volumetric water saturation (S) was calculated by,
where V l is the volume of liquid water released during dehydration in the oven assuming water density to be 1,000 kg/m 3 . The average porosity and volumetric water (Table S4 in the auxiliary material).
[23] There are several models used to calculate the bulk thermal conductivity (K b ) of porous and variably saturated rocks [Jorand et al., 2011] . The geometric mean bulk thermal conductivity is applicable only when the constituent conductivities vary by less than one order of magnitude [Sass et al., 1971] and is applicable mainly in rocks with water saturation >60% [Jorand et al., 2011] . Neither of these conditions is applicable to our samples. A geometric mean model results in an unrealistically low bulk thermal conductivity of 0.61 AE 0.23 WÁm À1 ÁK À1 . The arithmetic mean bulk thermal conductivity represents the volumetric fraction of each phase (solid, liquid and gas) multiplied by the phase thermal conductivity and is defined by,
and the harmonic mean bulk thermal conductivity is defined by,
where X is the volume fraction of each phase and the subscripts s, l, and g are for solid, liquid, and gas, respectively. We assume that the thermal conductivity of void volume not containing liquid water (K l = 0. , which is an average of the two means. The cumulative uncertainties were calculated by propagating the errors resulting from averaging matrix thermal conductivity, porosity, and volumetric water saturation.
Measurements of Water Flux Through Soils
[24] We carried out experiments to measure water vapor flux in the OPTA in September 2010 and in the SPTA in September 2010 and September 2011. As an alternative approach to the water calorimeter method [Hochstein and Bromley, 2005] we developed a novel method to measure water flux from the soil. We used weighed polyethylene containers with an open area of 0.042 m 2 that were filled with an anhydrite desiccant (Drierite®) (Figure 6b) , and reweighed periodically with a calibrated portable scale (Ohaus EB15® Bench Scale) with a resolution of 0.5 g. The containers with the desiccant were then covered with a PVCcoated polyester screen and inverted, so that the screen was in contact with the soil. We used desiccant grains because in contrast to the calorimeter, they are permeable and allow for undisturbed flow of the water vapor into the atmosphere. Drierite® (anhydrite) was chosen because it can absorb up to 8 wt% water before saturation, but it does not absorb CO 2 which is known to be emitted from soils at high rates in both thermal areas. To calculate the heat transported with the vapor absorbed on the desiccant, equation (4) can be reformulated as,
where dm/dt is the time-dependent mass of water absorbed by the desiccant and A (m 2 ) is the open area of the container.
[25] A total of 6 experiments were carried out in the OPTA mainly in the western part (Figure 2) where temperature gradients are mostly high. Four experiments were carried out in the SPTA in 2010 and seven additional experiments were conducted in 2011, all in areas with high temperature gradients (Figure 3 ). The duration of the experiments ranged from 3 to 31 h (Table 2 ). For the shorter experiments, the containers were lifted from the ground at intervals ranging from 30 to 60 min and re-weighed to measure the mass of water that was absorbed by the desiccant. For the overnight experiments, the containers were measured at 30 to 60 min intervals on the first day and once more in the following morning. Every time the container was removed from the ground for weighing, it was shaken, to avoid accumulation of hydrated grains in the layer closest to the ground. In experiments SP11-02 and SP11-07 (Table 2 ) a thermocouple wire was inserted between the polyester screen and the ground surface to measure the time varying temperature of the ascending vapor.
Measurements of Heat Flux From Pools
[26] Temperature measurements were made with a thermistor probe (AE0.1 C) in nine pools ( Figure S1 in the auxiliary material) within the OPTA (Figure 2 ) in September 2010. There were no pools in the SPTA in 2010 or 2011. At each pool temperature measurements were made at various locations and depths and the highest temperature at each depth was recorded. The surface area of each pool (Table 1) was measured with a measuring tape and was then also calculated by tracing the pool outline on the high resolution, airborne LiDAR digital elevation model (Figure 2 ). The discrepancy between the two measurements is <10%. Surface temperature measurements along the shores of the unnamed lake at the NW part of the basin (Figure 2) were made at only a few locations and generally correlated with air temperature. Wind speed and air temperature values required for solving equation (6) are based on average hourly data from June and July 2010 obtained from the National Climatic Data Center (http://www.ncdc.noaa.gov/ oa/ncdc.html) weather station at Yellowstone Lake, WY (COOP ID 485345) located 7.5 km away from the OPTA (Figure 1 ).
Results

Conductive Heat Flux
[27] Representative temperature-depth profiles are shown in Figure 8 ; profiles with bottom hole temperatures <60 C are typically approximately linear after corrections for diurnal variations as in OBS288 (Figure 8a ) and SFT 108 (Figure 8b ). When boiling temperature is within 1 m from the ground surface, profiles are typically isothermal at the boiling temperature in the lower part and contain a large temperature gradient in the upper part as in OBS020 and OBS235 (Figure 8a ) and SFT068 (Figure 8b) . Although a few profiles show abrupt changes, probably resulting from small errors in depth measurements, most nonlinearities are gradual and systematic suggesting that instrumental noise is insignificant. Inaccurate corrections for diurnal temperature variations introduce relatively small perturbations to the large background gradients. From the 299 measurements made at the OPTA, 12 temperature gradients are negative (likely reflecting measurement errors or inaccurate diurnal corrections) and are omitted from further calculations, 126 gradients range between 0 and 10 CÁm À1 , and 24 gradients are >100 CÁm À1 . In SPTA, 110 temperature gradients are <10 CÁm À1 and only 9 gradients are >100 CÁm À1 (Figures 9a and 9b ). C the gradient was calculated from the 7 bottommost temperatures, for bottom hole temperatures between 60.0 C and 80.0 C, gradients were mostly determined from the temperatures of sensors 2-7 (counting from the top), and for bottom hole temperatures >80.0 C, gradients were typically determined from the temperatures of the 4 uppermost sensors. Note the bottommost isothermal section of profile OBS235 which is below the boiling point of pure water for the elevation of the OPTA. This is a consequence of dissolved carbon dioxide depressing the boiling point of the water.
profiles. Several measurements in both the OPTA and the SPTA reached the boiling temperature for the respective elevation of the thermal area. The boiling temperature of pure water for the duration of our measurements (June 9 to July 19, 2010) was calculated using barometric pressure data from a meteorological station 7 km to the south of the OPTA near Yellowstone Lake (Figure 1 ) and the NIST database of thermophysical properties (http://webbook.nist.gov/chemistry/ fluid/). Boiling temperatures varied between 91.6 and 92.5 C at the OPTA (elevation of $2400 m) and between 91.3 and 92.2 C at the SPTA ($2480 m) (Figures 9c and 9d) . At the SPTA bottom hole temperatures >91 C were measured at 12 locations (Figure 9d ) and in 9 of these locations the temperature gradient between depths of 100 cm and 80 cm was less than 1 CÁm À1 and in five locations the temperature gradient between depths of 100 cm and 50 cm is <1 CÁm À1 , suggesting advective heat transport. At some of these locations, when the probes were pulled out of the ground, water emerged from the surface indicating we had inadvertently penetrated the clay cap. At the OPTA seven bottom hole temperatures were above the boiling temperatures of pure water (Figure 9c ). At several other locations near-isothermal temperatures ranging from 88.4 C (OBS207) to 91.0 C (OBS229) extend from a depth of 100 cm up to 30 cm (OBS277). These temperatures suggest boiling of a CO 2 -H 2 O mixture, consistent with the high CO 2 diffuse fluxes measured in the area [Werner et al., 2000] and with the high concentrations of CO 2 in fumaroles and thermal pools [Bergfeld et al., 2011] .
[29] Best fitting surface temperature intercepts determined from the temperature-depth measurements have a mean and standard deviation of 13.3 AE 4.7 C and 23.4 AE 7.7 C at OPTA and SPTA, respectively. These values are above the average air temperature for June and July 2010 (11 C) at the Yellowstone Lake weather station (Figure 1 ), but ground temperatures are typically 4 to 6 C higher than air temperatures [Powell et al., 1988] . This generally good comparison between air and ground surface temperatures serves as a second check on our calculated gradients, although the difference between air and ground temperatures within geothermal areas may be higher than average because of the heat being conducted to the ground surface.
[30] Total conductive heat output for each thermal area was computed using the sequential Gaussian simulation (sGs) algorithm by the program sgsim within the geostatistical software GSLIB [Deutsch and Journel, 1998 ]. Details of the application of sGs simulations to CO 2 flux data have been described in detail by Cardellini et al. [2003] . For the OPTA simulations, the areas representing the nine thermal pools were removed as the heat flux from these features are calculated separately. Because the background temperature gradients in the low-permeability cap layers in vapor dominated areas are not well known, we chose a value of 1 CÁm À1 which roughly coincides with the unforested area. Below, in this section we examine the effect of this selection.
[31] Data were declustered and a normal-score data transformation [Deutsch and Journel, 1998 ] was performed on the data from both OPTA and SPTA. Experimental variograms were computed based on the normal score data, modeled for each data set, and the variogram model was used in the sGs procedure to create 300 realizations of the temperature gradient grid. Simulations were performed using a 5-m grid spacing for each thermal area. The resulting heat flux maps for the OPTA (Figure 10 ) and the SPTA (Figure 11 ) and the histograms of diurnally corrected temperature gradients (Figure 9 ) suggest that areas of high conductive heat flux are localized. Assuming that the bulk thermal conductivity (1.27 AE 0.21 WÁm À1 ÁK À1 ) is uniform across both thermal areas, the conductive heat outputs from soils in the OPTA and the SPTA are 3.6 AE 0.4 MW and 7.5 AE 0.4 MW, respectively. The calculated standard Figure 9 . Histograms of (a) temperature gradients (20 CÁm À1 bins) at the Obsidian Pool Thermal Area (OPTA) with gradients >100 CÁm À1 shown in the inset, (b) bottom hole temperatures >80 C at the Obsidian Pool Thermal Area (OPTA), (c) temperature gradients at the Solfatara Plateau Thermal Area (SPTA), and (d) bottom hole temperatures >80 C at the Solfatara Plateau Thermal Area (SPTA). The shaded yellow area represents the range of boiling temperatures for the period when this study was carried out in June and July, 2010.
deviations result from spatial averaging of the temperature gradients and from the variability associated with the thermal conductivity determinations.
[32] The highest surface heat flux values trend approximately SW-NE in the OPTA (Figure 10 ) and approximately N-S in the SPTA (Figure 11 ) and are aligned parallel to mapped faults adjacent to each of the thermal areas [Christiansen, 2001] . If we assume that the base of the cap layer where the vapor is condensing is approximately isothermal, variations in conductive heat flow likely reflect variations in the thickness of the layer ( Figure 5 ). The high heat flux toward the center of each field may indicate a thinner cap that parallels the tectonic trends or a more permeable cap where heat is transferred to the surface more efficiently.
[33] In the conductive heat flux calculations presented above we assumed a background value of 1 CÁm À1 , mainly based on a correlation with the areas that have no tree growth. However, this criterion might not apply to other vapor dominated areas and therefore, we calculate the conductive heat output from the OPTA and the SPTA as a function of the minimum (background) temperature gradient delimiting the thermal areas. We increase the background temperature gradient from 1 CÁm À1 to 10 CÁm À1 at increments of 1 CÁm À1 and show that although the size of the thermal areas decrease by 43% and 15% in the OPTA and SPTA respectively, the conductive heat output decreases only by 9% in the OPTA and by 4% in the SPTA (Figure 12 ).
Advective Heat Flux Through Soils
[34] The average vapor flux (dm des /dt) for each experiment and the standard deviation are presented in Table 2 . In . The averages at the OPTA (160 AE 66; n = 6) and the SPTA (149 AE 55; n = 8) are within error, so in the analysis below we use the combined average from the two thermal areas.
[35] The experiments with the highest vapor flow rates (OBS145, OBS146, SP11-02, and SP11-06) are associated with the highest temperature gradients (Table 2) . However, in lower gradient experiments there is no straightforward correlation between thermal gradient and vapor flow rate.
[36] The time-variation of vapor temperature between the desiccant container and the ground surface, the ambient air temperature, and the subsurface temperatures in experiments SP11-02 and SP11-07 are presented in Figure 13 . In experiment SP11-07 the temperature at 70 cm was 81 C and the average vapor temperature between the desiccant container and the ground surface was 46 C, which is equivalent to the temperature between 10 and 20 cm during the first part of the experiment and less than the temperature at 10 cm during the second half of the experiment (Figure 13a ). In experiment SP11-02 the boiling temperature ($92 C) was measured by sensors at depths of ≥20 cm and vapor temperature fluctuated with an average of 56 C. Vapor temperature between the desiccant container and the ground surface was 20-25 C colder than the temperature at a depth of 10 cm (Figure 13b) , possibly caused by entrainment of ambient air in the upper few centimeters of the soil. A strong wind between 13:45 and 14:30 MST resulted in rapid temperature fluctuations. These results indicate that the ascending vapor has cooled from boiling temperature within the low-permeability cap layer and that advective heat is transported to the surface by evaporation, consistent with theory of heat transport in partially saturated soils [Parlange et al., 1998 ].
[37] The advective heat flux is calculated by solving equation (18) (5)- (9) are presented in Table 1 . The pools are located along an approximate northeast trend and coincide with areas of high conductive heat flux (Figure 10 ). The total heat output from the nine pools is 6.8 AE 1.4 MW with pools 1, 3, 4, and 5 (Figure 2 ) combining for 90% of the total output. Although the nine pools cover only $1% of the OPTA area, their heat output is more than double the conductive heat flux. The evaporative component of heat flux from the pools (equation (5)) is the largest (73%) and its proportion increases with increasing pool temperature.
[39] The calculations used to derive the heat output estimates are empirical and incorporate several parameters and assumptions that are not well constrained and thus we assume a conservative error of 20%. This assumed error incorporates the variation in hourly wind speeds, barometric pressure and air temperature measured at a weather station 7.5 km away from OPTA (Figure 1) , error in area determination of pool surface area, pool temperatures, and the range of assumptions Figure 12 . Variation of thermal area (blue curves) and conductive heat output (red curves) as a function of the background temperature gradient used to define the thermal area for (a) the Obsidian Pool Thermal Area (OPTA) and (b) the Solfatara Plateau Thermal Area (SPTA).
and parameters incorporated in equations (5)-(9). For comparison, if we insert into equation (6) the average hourly wind speed at the National Weather Service station at Old Faithful (COOP ID 486845), 35 km WSW of the OPTA; at an elevation of 2245 m (1.3 mÁsec À1 ), the total heat output decreases by 12%. We further assume that pool temperatures do not vary with time despite the extreme air temperature variations in the YPVF, implying that heat input and output from the pools is in a steady state. We also assume evaporation of pure water although some of the low pH pools have high concentrations of clays (mud pots) and a high ionic strength.
Discussion
Total Heat Output
[40] We measured and quantified mechanisms and rates of near-surface heat transport in two vapor dominated, acidsulfate thermal areas in the Yellowstone Plateau Volcanic Field (YPVF). In the OPTA and the SPTA the conductive heat output is greater than the advective output from soils and in the OPTA heat output from several thermal pools is approximately double the conductive output, even though the pools cover only 1% of the thermal area (Table 3 ). The calculated average vapor flux from soils, 154 AE 35 gÁhr À1 Ám
À2
( Table 2 ) that are based on the novel experiments we developed in this study are within the range measured using different methods; 54-612 gÁhr À1 Ám À2 measured in Wairakei, New Zealand with a water calorimeter [Hochstein and Bromley, 2005] , and 28-467 gÁhr À1 Ám À2 measured at La Solfatara Volcano, Phlegrean Fields, Italy with a eddy covariance tower [Werner et al., 2006] .
[41] The total heat outputs correspond to average heat fluxes of 103 AE 2 WÁm À2 and 35 AE 3 WÁm À2 for the OPTA and SPTA, respectively (Table 3) . These fluxes are more than an order of magnitude greater than the average heat fluxes from the Yellowstone Caldera as a whole (2.3 WÁm À2 ) [Fournier, 1989] and the caldera section of Yellowstone Lake (1.5-2.0 WÁm À2 ) [Morgan et al., 1977; Smith and Blackwell, 2000; Negraru and Blackwell, 2004] . Heat flux in the OPTA is lower than in Hot Spring Basin, probably the hottest basin in the YPVF, located just outside the eastern margin of the caldera (Figure 1) , where heat flux estimates are 140 to 370 WÁm À2 over 1 km 2 [Werner et al., 2008] . [42] To put these numbers in context it is important to note that many assumptions, simplifications, and uncertainties are associated with the above heat flux calculations. For example, heat flux variations in response to the large seasonal weather fluctuations in the YPVF were not considered, the advective heat flux experiments were limited in duration and areal coverage, and many assumptions and simplifications were incorporated in the calculation of heat flux from thermal pools. Our heat output estimates also do not include heat discharged through fumaroles, but visual observations that we made in June and July, 2010 at the OPTA and SPTA suggest that they are likely insignificant. In other areas of the YPVF such as Hot Springs Basin (Figure 1) where fumarolic discharge is vigorous [Werner et al., 2008] , advective heat flow through fumaroles might be a significant component of the total heat budget. In spite of these simplifications and uncertainties our numbers represent the first assessment of heat flux through these vapor dominated areas.
Relation to Geological Structures
[43] Results from this study show that the conductive heat flux in the OPTA and in the SPTA is focused through relatively small areas (Figures 10 and 11) . In areas of very high temperature gradients, the boiling occurs at depths of less than 1 m, probably suggesting a thin or fractured "cap layer" (Figure 5 ). The roughly ENE trend of the elevated gradients in the OPTA (Figure 10 ) parallels the trend of the Elephant Back fault system [Christiansen, 2001] . The northernmost mapped fault lies just to the south of OPTA, but within spatial resolution limitations, many of the 1978 earthquakes were located in and around the OPTA [Pitt and Hutchinson, 1982] . The earthquake swarm caused a large spike in heat and CO 2 output in the Mud Volcano area within less than 1 year [Pitt and Hutchinson, 1982; Evans et al., 2010] . The roughly N-S trend of elevated gradients in the SPTA (Figure 11 ) follows a series of north and northwest trending faults south of SPTA [Christiansen, 2001] and the general trend of normal faults inferred from the earthquake sequence of June 1975 [Pitt et al., 1979] . This link between focused thermal activity and faulting suggests that either these faults serve as discontinuities along which the acid fluids dissolve the rocks forming permeable flow channels, or that these faults are active and form the permeable pathways to the surface.
Implications for Yellowstone's Heat Budget
[44] Our study covered an area of only $1% of the $35 km 2 of vapor dominated, acid-sulfate areas in the Yellowstone Caldera [Rodman et al., 1996; Werner and Brantley, 2003] . Any attempt to extrapolate the calculated heat flux from the OPTA or the SPTA to larger areas is challenging, because near-surface heat flux within the thermal areas (Figures 10 and 11 ) and within the caldera is heterogeneous and the boundaries of thermal areas are not well defined (Figure 12) (Figure 1) amounts to 3.6 GW, which is slightly lower than the calculated range of the total heat output transported by steam from the entire YPVF using the chloride inventory method (4.0-8.0 GW). Extrapolation of the average heat flux from the SPTA (35 AE 3 WÁm À2 ) to the $35 km 2 of vapor dominated areas would amount to only 1.2 GW, significantly less than the total heat output transported by steam from the YPVF. The low values of extrapolated heat output from the SPTA, and to a lesser extent from the OPTA, might suggest that either the heat fluxes from the SPTA and the OPTA are not representative of the $35 km 2 of vapor dominated areas, or that the chloride inventory method does not provide a correct estimate of total heat output from the Yellowstone magmatic system. It might also suggest that a significant amount of heat is transported (without chloride) by recharging meteoric water. The large uncertainties associated with the heat flux estimates and the large gaps in the thermal budget limit our ability to use heat as a tracer to constrain deep processes in Yellowstone's magmatic system.
Future Studies
[45] There are significant challenges in quantifying the total heat output from the YPVF that result from the great size of the underlying magmatic system, the wide distribution of thermal features, the complex interplay between the heat transport processes, the heterogeneous heat flux at many spatial scales, the large temporal variations, the large diurnal and seasonal variations of air temperature and pressure, and the involvement of multicomponent fluids. To overcome some of these challenges, labor intensive timedependent temperature measurements are required at high spatial resolution. Because this is a daunting challenge, future studies aiming to quantify thermal changes in Yellowstone will likely be based on aerial [Jaworowski et al., 2010; Neale et al., 2011] or satellite [Watson et al., 2008; Vaughan et al., 2010; Savage et al., 2012; Vaughan et al., 2012] remote sensing methods. Quantification of remotely sensed heat flux estimates that are based on the thermal structure of the ground surface and the amount of heat that is radiated into the atmosphere need to rely on ground based measurements that calibrate these techniques and characterize and quantify subsurface heat transport mechanisms and rates. Recent satellite based thermal infrared estimates of radiant heat output from the YPVF (2 GW) are lower than those estimated with the chloride-inventory method and with estimates based on extrapolations from this study and are discussed in Vaughan et al. [2012] .
[46] Our results demonstrate that the evaporative heat flux from small thermal pools in vapor dominated areas is significant and future studies should better characterize and quantify the physics of evaporation from bubbling pools containing high concentrations of clay (mud pots) and having high ionic strength as well as quantifying temporal temperature variations. Similarly, the significance of heat discharged through fumaroles is not known and could be significant in some thermal areas [Hochstein and Bromley, 2001 ].
[47] Future studies will also need to better characterize the relation between heat and multicomponent mass transfer in the variably saturated shallow subsurface of vapor dominated areas. These studies should focus on the time-dependent interplay between climate (air temperature, pressure, and moisture), water content in the shallow subsurface, the flow of water vapor and non-condensable gases, heat conduction, and evaporation to the atmosphere [Bittelli et al., 2008; Heitman et al., 2008] . An improved understanding of these processes in areas of high heat flux may also have implications for geothermal resource exploration.
[48] Several studies have documented changes to thermal features in Yellowstone following local and distant earthquakes. Because of the low rates of water discharge in vapor dominated areas, documentation of earthquake-induced changes in thermal activity is lacking. For example it is unknown if the 1975 Central Plateau earthquake swarms near the SPTA [Pitt et al., 1979] or the 1978 Mud Volcano earthquake swarm [Pitt and Hutchinson, 1982] have resulted in significant heat flux changes in the SPTA and the OPTA. Additionally, the effects of the 2008-2009 Yellowstone Lake earthquake swarm that occurred $10 km south of OPTA [Farrell et al., 2010] on thermal activity are unknown. Thus, the validity of steady state heat flux assumptions in quantifying heat output from Yellowstone is questionable.
Conclusions
[49] On the basis of this study we conclude the following:
[50] 1. Heat transfer through a thin, clay-rich, low permeability layer capping large vapor reservoirs in the 0.11 km 2 Obsidian Pool Thermal Area (OPTA) and the 0.25 km 2 Solfatara Plateau Thermal Area (SPTA) is dominated by conduction through the solid phase, advection by vapor flow, and evaporation from several thermal pools in the OPTA.
[51] 2. The conductive heat output from the OPTA and the SPTA is 3.6 AE 0.4 MW and 7.5 AE 0.4 MW respectively. The advective heat output from the OPTA is 1.3 AE 0.3 MW and from the SPTA it is 1.2 AE 0.3 MW. Heat output from pools in the OPTA is 6.8 AE 1.4 MW. The total heat output is 11.8 AE 1.4 MW and 8.8 AE 0.4 MW from the OPTA and the SPTA, respectively.
[52] 3. Extrapolation of the average heat flux from the OPTA (103 AE 2 WÁm À2 ) to the $35 km 2 of vapor dominated, acid-sulfate areas in the Yellowstone Plateau Volcanic Field (YPVF) amounts to 3.6 GW, which together with the advective heat discharge through hot springs in Yellowstone ($0.6-0.8 GW) and heat transported with CO 2 (0.3 GW) is slightly lower than the calculated range of the total heat output from the YPVF (4.6-9.1 GW). Extrapolation of the average heat flux from the SPTA (35 AE 3 WÁm À2 ) to the $35 km 2 of vapor dominated, acid-sulfate areas combined with the advective heat discharge through hot springs and heat transported with CO 2 amounts to only 1.2 GW, which is significantly less than the estimated heat output from the YPVF.
[53] 4. The large uncertainties associated with the heat flux estimates and the large gaps in the thermal budget limit our ability to use heat as a tracer to constrain deep processes in Yellowstone's magmatic system.
[54] 5. Focused areas of high heat flux in the OPTA and the SPTA are roughly parallel to regional faults mapped outside the thermal areas, suggesting that faults serve as flow channels for the rising acid vapors.
